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pyridine adsorption. The surfiaice hydroxyl groups, working as
OH™, react with coordinated Cdz to form carbvflate species
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are partially recovered. On oxidized anatase, room temperature
CO exposure gave rise to some surface reduction and two
different kinds of adsorbed CO were detected.
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ABSTRACT
The adsorption of water, pyridine, carbon dioxilde ark carvon moncx1de
were studied by infrared absorption spectroscopy on reduced an oxidized
anatase. Thefe are two kinds of isclated OH Groups, as well 35 tw waivs ol
adsorbed water molecules, for the anatase powders used in this stoy,
The wates

Tiese

species are assigned to adsorption on different crystal faces.

and hydroxyl species are more stadle on oxidized,as comparad 13 rel.lul,

5 are reacily forcesd aje troenit o

anatase. Some Sites whetrs

differert coordination as compared to sites where water .5 ~e.d. Tre

coordination rnunber of the Ti 1ons i5 4 for water acsorption anc § ¢t S 1.¢

Cli. No curface Bronsted acidity is detected Dy Fyfid..e adscrpili-n. Tz

surface hydroxyl groups, Working as 4, react Wwilh coord.mates 73,
2

carbonate  species when the oxidized surfaces are eqposud o 0.,
resulting bicarbonate species decompose to form water mul.Culss w! )
evacuation, dissctisle o 50T  extent S0 that N SRR

recovered. On ox.dized anatase, room temperature CC cxposute Géve .52 to

some surface reduction and two differert kinds of adsorbed SO wAife lefenta.
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1. INTROIAUCTION
It 1s well whown weat  titanium dioxide is a good material for
pretotatalytic systems, for example, photoassisted oxidation and reduction

& i ; 2
reaze orst B oxygen isotope ex~hange reactions (%!

3)

ard  water
2ecaositian. Une interesting aspect of the water decomposition
ceattier 15 the Guestion of how the surface OH groups function, {f indeed

are crucial, in the mechaniam. In this context comparisons between

=% Ind are common since H202 can be detected in the zinc oxide system

[EH

refe ate  a large norber of studies of the surface of titania samples

and  «.thout  adsorbates, rany of which have used infrared

13=13,

of  the wmprasis  In this work has been directed

<

3 azsec~ert of the acid-(ase character of turface hydroxyl species

it 98 L exprrirents have livelved tutile,

As mert 2@ 2 continaing study of photoassisted reactions using

. i i 3 sArldide am
P ST MGl Ll WS LALLI 8w AT

reduced forms, we wdertook the infrared

Itoi.si T3pofled Deve 33 a6 Inportant part of the characterization of these

ACtIat. e f4stumE. I pIICHlA we we

it

e interested in the kinds of water
A Dy iloXgl SpeCies that were sresent on reduced and oxidized anatase after
LYoalle LY wlter. In addition, the acid-base character of the same

.

“oter.als wad nemicrad using COZ and pyridine adsotption.

B e T —
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2. EXPERIMENTAL

A commercial anatase sample (MCB) was used througnout. The Jain
impurities were As{0.0002%}, Fe(0.0108}, PR{0.COJY) and Z7{0.0108). An
X~ray powder diffraction pattern of tnis powder showed no detect:Dle rulile.

lar

Oxygea and CO were dried and purified by passage tircwghi 3 5A meledu
sleve trap at 77K. To remove 02, hydrogen was passed through a reduced 5%
Pt/Al203 catalyst at 200°C and then a SA molecular seive trap at VUL,
Carbon dioxide was degassed and, to remove water, was cdistiiled fron one
trap at 195K to another at 77K. Pyridine was decassed and uSeG wiliwel
further purification,

Tr= IR cell was a standard design which permitted evactustion znd

heating of the sample.(lq)

Calcius fluoride windews were used. The szmpie
was lifted into the furnace area using a magnet. A quartz cell was used wren
the experinent involved heating at 800°C.

Spectra were taken using a Nicolet 7i99 Fourler Tranutur

spectrometer and were rtecorded in absorbance form with a resalution of ¢
an-l. uUnless otherwise stated, S0C scans were used for an 1ni.v.lial
spectrum. Such spectra could be taken in a few minutes and gave uoad 3.
All spectra reported here have been corracted by Suotraction for absorpi:ius
of the gas phase and the Can windows.

Anatase powder, 100 mg, was spread uniformly on paraffin paper {to
prevent metal contamination), placed in a 17 diameter Jie pellet prens, and

pressed at 5000 pounds in"2,

An IR spectrun of th.s disc
treatment showed huge paraffin signals at 3200-3400 and 2900 on = as well as
carbonate signals at 1582 and 1484 an_‘. There were neither hydrexyl not
water peaks. The paraffin was not removed by heating in vacuu at 40¢°C and
no adsorbed speciea, detectable by IR, developed on exposure to the

wolecules used in this study. Both the paraffin and carbonate €' nais were

- e e ——— s Tt
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aDsent after the sarple was evacuated, gradually heated to 400 °C in 1 ata
02, reid ot thas conuition for 12 ar and evacuated at 400 % for 3U min, At
this Stuyy 3 Cif stretcning bends between 3600 and 3700 an} (see below) and a
T:0 lattice vibration around 1000 'l were observed., The above treatment
procedire a3 adopled as a stawart rethod of preparing starting materials.
0 tne zasia of e far-IR specitum, no anatase-to-rutile transformation
COLis e selected 2S e reault of this pretream\ent.‘zo)

“re followin; paragrapts describe experiments for which the oxidatinn,
rac.cTion and evacdeti.n tempe ‘atures were varied. Tnese three temperatures
are wriiten in Segwence. For  exarple, 400-N0-400 means the sample was

Dk.i.zes et 483 OC, rot reduced and then evacuated at 400 °C.

3. RESULTS

3.1 Behaviour of hydroxyl groups.

After the initially formed pellet was heated in O, at 40G %¢ 4n3 cocled

to room temperature, relatively sharp bands were observed at 3695 ard
ant (Fig. 1a) along with an absorption at 1635 Gt These are sttfii.ted
to adsorbed ‘ater.  Evacustion ar 400 °C led to the loss of these water
nodes and the appeatance of three sharp bands at 3740, 3715 anc 3676 = *
{Fig. 1b} assiéned to surface hydroxyl species. All three of these tads
underwent D-for-H exchange when the sample was  exposed td :23 ar rion

tempera.ire and the ([requency ratio QaH"OD was 1.3%6, in exle.

agreement with the value of 1.355 reported by Primet et. al.(‘:" tor 74 and
OD on buth anatase and cutile.

For our samples the OH groups were very stable. As shown in Fig. Ic
and 14, after oxidation and evacuation (30 min) at €CO and 823 °C, the (it

bands remained but with decreased intensity. After ot

oxidation/evacuation treatments the sample was a brigat white ci.:r
indicating that the bulk was fully oxidized.

The hydroxyl groups were sersitive to H, exposures, Corparing Fij lb
and le shows that reduction with 1 atm of Hz at 400 °C reduces tre intensity
of the OH bands and charges the sign of the slope of the backgrouni. The
latter is attributed to changes in the surface of the titania whica «ccur as
the sample becones slightly reducd and takes on a biue-jray €297,
Spectrun le also has shoulders on both sides of tne 3676 b peas,
{ndicating the presence of adsorbed water (3695 and 3660 am t).

The results of exposure to water vapor ace shown In Fig. ¢ for both
400-NO~400 and 800-NO-800 samples. In an ambient of 1 torr, doth sazples
show the same peaks at 3694, 3660, 3420 and about 1640 o | {compare 2 and

a). The bands at 3420 and 1640 inCrease with pressure at least uwp to 2.6
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torr as indicatec in Fig. 2B, Upon evacuation at room Lemperature, Fig. 2c,

significant changes in peak  positicns and  intensity are readily noted.

F.rs:z, te orodd peas at 3420 ™ almost completely disappears indicating

raeoval ol 3

e Censed  water layer. Second, there is a significant

registrination of intensity in the 36()0--3':‘0()(:-.\_1 region with small changes
in overall adicroarce. Bands appear at 3740, 3715, 3694, 3676, 3660, 3615
axt 3474 =t ior we 4U0-NC-4u0 saple. Similar bands with lower intensity

were oLserved for the 8JU-NO-300 sample (compare Figs. 2c and 2e). In the

lower  froguency reglsn evacuaticn is accompanied by loss ot intensity and a
snifr  in fregsncy from 1640 to 1621 ':n-l for the 400-NO-400 sample whereas
e E€)3-N2-311 sanle snows 2 similar shift but a much smaller loss of

intens.ts.

3.2 aacer iisorption on oxidized and reduced surfaces.

of water at roon temperature was compared on oxidized
m2 fesale€ f2rTs of '.‘:oz witr garticular attention being paid to the amount

2f sisorpticn and the thermal stadility of the adsorbed species. The results

wzplayed an e two panels of Fig. 3 cover both the OH stretching and H-O-H

rejiens 2 all  the specira were taken at room temperature after

gvatuation ot 30 min at tre indicated temperature.
In the 400-NO-4C0 oxidized surface, Fig. 3a shows the same seven OH

2355 ani e sate Wwater bending tand as in Fig. 2. The reproducibility of

mLt pooition Wnd antensity indicated in these two figures is  very

3. .85505.

ALl > kands remsin with the same intensity after heating at

:cv’c. F-5. 3. Peaks attributad to =olecular water (1620, 3474, 3660

.

dyd o C, ite romoved during neating at 200°C while the ramaining peaks

3

Aeziscrpticn of water ad evacuation, both at room temperature, gives

spectrun £ owhich nicely reproduces spectrus s. Thus, although the heating

- on the surface after evacuation at 100°C were Quite stable anc were oniy

carried out in obtaining spectra b-e reculted jp some  reduction, as

indicated by the changing color of the samples from whive towarus blae,
this was not extensive enough to alter the water adsorption in a measuratle
way.

On the 400-400-400 reduced sample, water exposure >~d evacuation :t
room temperature led to IR spectra (Fig. 3g) that had the same features as

spectra obtained on the oxidized form. hHeating removed the 36%4,
3

3650, 22,

3474 and 1620 om © just as for the oxidized form, However, the tnerty’

stability was significantly less on the reduced form; as shown in F.g. 3
these peaks were acsent after heating to 100%C while featiny t2 2007 wis
required on the oxidized form. In addition, the red.ced Inrm nell le

molecuiar water after room temperature evacsation as

indioiten Iy e

intensity of the 1618 an'l peak (compare 3a and 3g). The speCies remaining

slowly removed by heating to 400°C but, as compared to the oxid.zec sucface,

the stsbility appears to be somewhat less.
3.3 Pyridine adsorption.

Pyridine adsorption was carried ocut to give a measure of the aTia.l

properties of the sutface. Tre sample had previously teen exposwd to a3%er

vapor {and evacuated) at room temperature, Making assigrients as in previous

(17,21)

work we conclude that oxidized anatase, exposed to water ard Mwwir3

hydroxyl and water bending modes as in F.3. Ja, shaws no nmeasirable srorsted
acidity, This is in full accord with otrer wo:k.(n)
Heating at 200°C removed some Py. idine and gave a measurable w.itt

Just above 1600 o l.

and splitting of the strong band Only e lower
frequency component was resolvable after ncating to 300°C. These resulis
suggest that there are at least two different kinds of Lewis acid sites for

pyridine adsorption on the hydroxylated anatase.

e s e A e S 0 —— s DO——— T
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3.4 tarbon Jivonide Aduorption.

Our  resalts for :02 adserption on oxidized anatase are very much lixe
1:8)
1 E

7 CRITEIZA €T a ard are only suwwarized tere. At room

terperature, (0, i3 rapidly coordinated at Ti sites on oxidized anatase

1

1420-ND-4)2, 1. 1 Fii. 1B) to glve a band at 2350am ©.  Surface bicarbonate

toe 1757 tow

SEs {w2hr) of (:O2 exposure on those surface

TEoitm LT3 1. «magh beth €7, and Gn’ are coordinated, There is a slow

& oetween pairs of these bicarbonate speries to form

adsorded i 1entate carbonate end water. Room temperature evacuation removes

e Lllensate  Jaroonate, residual picarborate and coordinated mz leaving

xiotbel weter  and refrming some adsorbed OH , probably by
Z.33xniatiern of water es the concentretion of other species drops.

Jeazserntion of TO. oroers with r3agid formatiorn cf b.raroonate and bidentate

TaIl0iate won Jery Little intensity in the band asScciated with coordinated

I, “e caoclute tnit water coordinated to Ti ion sites inhibits the

Jtavilisy of coordinated Ccz but promotes tiw rate of

tite cariondie and ticarbonate.

rgretation is confirmed by data shown in Fig. 4 for a
4. mNC-SLS sapae of anatase predosed in HZO, curve a, or Oz, curve d.

¥ Presloorption consisted of exposing the samhle to 10 Torr of either
s 3 ug water fir 5 omin {elluwed Ly 30 min evacuation a room temperature.

amiessestly, 28 Terr of C92 was introduced and difference spectra. (with

wn

respect  to OZ and .‘023 bredosed surfaces) were taken. In the case of water

sroassieotien, Fij. @y Ditarborate (1420 m'l) ani oidentate carbonate at

45 7% aere lomed raprily and in roughly equal anounts

lasduming roat we absorptlon cross secticns at 1420 and 1671 ol are about

ue save). 1rcreased intesity was also observed at 1636 ua'l

lecreases ot 3673 and 3450 cul. nis specteun is nearly identical to that

along with

founc, as described in the previous paragraph, afrer evacuation and a second
coz exposure.

- emem e

On the oxygen predosel surface, a 40 min exposure to CO, jase rise to

2
bivarbonate a% a somewhat higher frequency (1431 < %) tran on toe surfuce

predosed with water (1420 au !

}. Moreover, the bicen-ate carbonate species
was formed in much lower concentrations on the oxygen preoc.sad surface (1671
and 1245 an'x). These results show that preadsotbed watur provotes .é
formation of bidentat.'e‘;:rbonam and inhibits the growth of coordinated oc,.
Predosing in 0, at/ gives €O, spectrun comparable to what is formed when
COZ is exposed to a (40D-NO-400) surface.

On a 400-400-400 reduced anatase sample {NOt shown), exposure to I3

Torr of CoZ for times up to 1 hr at room tenpereture, gave only a stall

amount of coordinated t:o2 which showed no tendency to convert %o Tarwen
wWe conclude that the reduced sample had no tendency o fomm cardenates O
any kind and that surface basicity is reduced Ly high ctenperat.te
reduction.

3.5 Carbon monoxide adsorption.

Adsorption of Q0 on both the oxidized and teduced forms of ane

shown in Fig. 5. For each of the curves a batkground speliram %a: feen
subtracted to remove a strongly sloping baseline, On e 3L\

oxidized sample, CO exposure (22 Torr) gave specteum (a) after iU rir., o
bands at 2185 and 2115 un'l indicate two types of molecuiatly he.o Il

After 140 min, the 2185 an'l peai decreased in intensity by abcut a facior

i

of 3 while the peak at 2115 on = remained the same (Fig. SH} when tne

prassute was decreased to 10 Torr and then to 1 Torr (Figs. Scant i), th=

28 ot peak  dropped steadily to zero while the 2115 o™ puwak rerained

constant. Evacuation at room temperature removed all of the adsurbed 3.

-1

These QOO stretching vibrations were accompanied by small peaks at 1323 & °

1

and near 1600 om = indicative of the formation of surface b.carbonate

some surface reduction took place when the oxidized surface was exposed to

T S M N el e o e s . i - o
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. This 1s attnbited to the formation of an adscrbed mZ species which
reacts o form the bicarbonate,

Az shQwn . Figs,

1

Fanc 59y exposure of a 467-400-400 reduced sample

33ve only the 2185 cm ' peak. The intensity of this peak was not a function

of t:-e but it did decrease with decreasing CO pressure and, as shown in 53,
wes oz osletely teroved Dby evacuation at room temperature for 30 min. No

carmxr tyoe Species were obseived when CC was exposed to the reduced

aratasa.

m—— —

4. DISCUSSION
4.1 Assignment of hydroxyl bands.

The hydroxyl bands at 3715 and 3876 ant after oxidation ani eveo.aticn

at 400%C are assigned to isclated hydroxyl gtoups attochad o different

crystal faces of anatase while the band at 37464 ot s A35.400d 35 L w3
silica impurity. Band pairs at 3694, 3495 and 3865, 3455 c.n'“ A0 wne.  md
to water molecules adsorbed on different crystal faces. In toe folluaing

paragraphs we describe evidence from the literature and our own wxprr.ments
for these assignments.

Different adsorbed hydroxyl species have een

anatase and rutile. These different species nove been ottriiated o =

variety of different surface structures. For example, Prire: et

studied the hydroxyl groups on both anatase ard rutile saples, (- ¢

after evacuation at 200°C they found abscrption peaks at 3485, 3655 o0 ..l

an? while on anatase peaks were located at 3715 and 3665 o -, -

i3telt

energy peaks are ascribed to isolated OH groups while tne otner peivs are

assigned to hydrogen bonded species located in adracent amit

evidence, they cite the higher thermal stability of the 3485 an: =~

T

peaks and the fact that any OH Frequency above 3703 o=t 15 b

i 1y tamen
to be an isolated species on almost any metal oxife. Rulile fss Two
hydrogen bonded bands because there are two O-O distances, 2.5 ar. z.%3 &

while for anatase there is only one O-C cistance, 2.8) A. They also found

that all of the bands listed above were exctanged, D-for-H, upon expcsire ts
Dzo and the frequency ratio (OH/QD) was constant for all the tands and egval

to 1.355, Exchange was also observed upon exposure to D, ac 100%C.

2
Many ressarchars have assumed that powdlered anatase and rutile surfaces

e e yem . m mn mmem e e % e e s mwmes i aed s
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would consist rainly of the (Joll and (110) surface crystal pianes,

res;.e\:tiv»‘.y.(6‘9'“)'13‘16’ Jones and Hockeyw) discuss their results for

ruzile -nyzroxyl

a0 and  hydration irn terms of three crystalline surfaces
(103) s 1iwe) aad (110). Wwater d.ssoc:ation iS not probable on the (100} and
\10i) surfaces because the resulting neighboring OH groups would be too
close tojerer, o0 tre  {110; suriace, the resulting CH groups could be

raciily  ecceriated. They conclude that molecular water is bound as a

;A cnothe (LL0p and (101) surfaces anc that it completes tine octahedral
cooriiration shell of surface Ti ions in different ways on the two surfaces.

o sre 180, sarface, hyirogen bonding is significant leading to a broad IR

:lerilar water wWnile on tne (101} surface hydrogen bending is
feitier  expecled ror observed. On tne (110) surface two kind of surface OH
372,98 ate forrel upen dissoc.ative watsr adsorption. One is tound to a Ti
10n it s dmvocruindle with respect to sucface cxide ions while the other

i3 L. To 2 T1oion that is five coordinate. Dehydroxylation upon heating

point out trhat tne same kind of considerations should

.. o atede 3inoe the local structures of the two po.ymorphs are nearly

wi perfiee roried two OH bands on rutile at 3700 and

T they Attridute to bridged and more labile terminal species,
it LE o atlov re teeen 'O Se isolited. They observed another OH peak at
233, =7° ar.ch was assigned to 8 silica-derived species. On the basis of

ers: otserved at 1690 and 3420 <.1l\.X

s wnich wete described as the

fyszo3en. soraded  counterparts of the above two isolated OH species, they

wnat the (110) plane is a satisfactory model since 0-O distances

calcilated on the Dasis of the hydrojen bonding shift are in good agreement

© o ——

e . — A o SO o . 1 T i O S
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b

with those expected at this surface.

It has been suggested that dissociative adsorption of water lexls to

two different surface hydroxyl qroups.(g’zz) ThiS 1S SupXCiva oy

calculations done by Jaycock et al.lu) More recently Griffith es al.(:";

interpreted their observation of two kinds of OH and Hy0 on ru le i oterns

of adsorption on two different surface planes. For our experisenzal
conditions, two OH groups are present after evacuation at SuG'S. Tre
persistence of the two OH freguencies even after high temperatute evacustion
(Fig. lc) suggests to us that hydrogen Donded Strucilures are an Jnl..wly

: 5 . 7
explanation. This contrasts with the work of FPrinet et ai.t ! wry i

bards around room temperature but the lower frequercy pea<, 3645 <i°, aas
lost Juring evacuation at 200°%. Their description of this bud 4s arising

from hydrogen bonded OH species does not it with ouir JZlUervation anc we

. interpret our results as indicative of isolated OH 3Jroups eitrer oo

different crystal planes or linked to T ions of different coordination.
In the presence of water vapor, Fig. 2 shows there are twd Shafg paaxs,

3694 and 3660 oml, and one broad band, 3429 o), in the

region. Upon evacuation at room temperature there :s a fedistr.t.ti.n of
intensity with bands observed at 3694, 3676, 3615 arni 3474-3495 ot sor

both the 400-NO-400 and 8J0-NO-8CO samples. In addition, the 4lu-nul

sample has bands at 3660 and 3715 cm b, The peaks at 3675 and 1712 =v* sre
attributed to OH groups at the surface 35 in Fig. 1. The other banda are
all associated with adsorbed water molecules either directly or indirectly.
It is quite reasonable to suppose that a physisorbed layer of water
cordenses on these anatase surfaces and functions very much like l.guic
water.  Por sSuch conditions, the two bANS 3t 3694 and 3420 o> would de

assigned to the asymvetric and symmetric CH stretching vibrations of tre

_———M
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o
apen o One it d  remai 255igr 3615 an f. This Fa; o
cordensel watlzf miecules, Water vapur has peaks at 375G and 3657 om 3 additionsl band ns wnassiged, 3615 o e
3 . . -1 N N ¢ s o d > 1 species aniszent of Tt L
(.-.)’ Ll miter at swid o 3ao e bt 5) and sol1d water at 32.0 and asymmetric  stretch of a hydrogen bonded species rumir wnt o anon
: (6)
2 - t .
80 In our ¢xperiments, tne band at 3420 cw ! found in tie suggested by Primet et al
Presesir of veoor and the band butween 3470 and 3495 om * found after 4.2 Comparison of water adsorption on reduced and oxi1dized sarpies.
pa
evalw.l..m 20alY 1nvOLve  woter In the save kind of substrate environment. The tesults of Pig. 3 clearly indicate that: (i) The trermil st .
mor Iohe i ding 1. SIQRifi .
anomE Sese fpdeogen bording 1. significant while in the latter the of adsorbed water is Jreater on the oxidized surfaces. (2) Toe a< .ot 7t
. -1
SperTlES Al sateds In Gend Sreque 144 owa i
BhrIiES aft lBJ.atue n general, a frequency shif of 30-70 am © toward water held on the oxidized surtaces after food temperature evacustion 1:
lower w3l €5 1S reasonadble when hyargen bonds are formed. significantly larger
-1 :
Tooocen? oAt g€0% < T cwven in Fig. 20 s attributed to the asymmetric With respect to the thiermal sLabiiily, we note that Jackaoh wt a.. -
Surotoars S wllif ccraensed on the anatase surface. Suact a species feport that rutile s retention of g N
ie Shows i = ERR
“iie 3 Companicn band around 3865 om *, but for out experiments this We Frefar to denote Such Staple molecular SPECies as Cheris.ized
2 2 s 1 lecul 15 a5 Cnemis.ized s U
-1
R I r0a o : - :
1S seersoaiieN! Gy the proad and dntense band ot 3474 om . On the activation energy for water desorption from rutile 1s 29.6 FIsl, ~sle.
¢, ro il on ' pand 15 ooserved, The feaks ar 3683 and Recently, Fismer et ai (27,28} Coported LAt B0 desaritiin © R
< , n . rred that B0 des.iptiin f
. &
aTs elsigied 0 Ue AsyTaetrlc and symetriC stretcning modes of urs at about 30K higher temperature when atemis oxygan IS
se0 I ths serixe. By comparison of Figs. 20 and 2e, we conclude that Their XPS studies suggested that preadsorbed oxyger resdils in S.53.7:3%iv:
a.o 4.mis of auLorted  watur ToOlecuies are present afler room temperatutre water adsorption o give two OH qroups £Cr €ach waier moles.le oos.rowi,
Tatlun nEorTe QlueNC-S0U canple. (us2 tWn speci e cnaracteriz . .
- L deomiemhey san 92 ten species are craracerized by Recombination of tnese to form water CuLlS at a <erpefal.ie f., er . .
FrirL i T s oan 3854, 3493 and 2€635, 3465 m'l. This is consistent with desotption of molecular water from Pt{il) o
. ~1
$\m3  OnLy On e g b t 367 -NO~1
wen; oniy one adicrbed hydroxyl bend a2 3676 on T on the 830 800 corcentration and strocture of sarface oxygen o for Uhe oxiiided e
: s -l .
S. heTe 3 S 7 76 o7 o -NO-4
: T ure twd swh bands, 3715 ard 3676 om T, on tie 400 0 reduced anatase surfaces may also account for tiw ascived ther=.l stiil.
= we? INtelpret n N iat there are two kind: .
\tespreta » TR, .S that there are two kinds of water differences. On the oxidized sSurface the corcentration of %asil oa, LS
op Tese anaisse surfaces and each of the two sites would be relatively high and would stabiiize che-isorbec water acie
dssacitad with Ziffereont surface O groupa. If ome takes the position that through interactions with rydroger atems. G ¢
hote 2 A
1% speoira ol acsoried water reflect the presence of distinct adsor water would tend Simply to fill . '
ved B mpi : ne coord:
then oul 5iCtral assignments imply the presence of at least unsaturated Ti i
cr 1 ares one of wn entially lost the N
ystal ol £ which is preferentially as Consjderation must also be given to a crystal structure transformst.on
04.3a%.0mcvacudticn tenperature increases.
o e peraty 3 from anatase to rutile. At 400°C tnis is not a significant conteioutor; w
-
. b
‘ Al
. .
——— " .
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cption results soronstrate the surface basicity of oxidized

significancly, the loss of this property after

reciTi.iT e Un Dvervgen.  Since the 202 results on oxidized anatase are in

L eazl.er work, ro adlitional discussion is given rere.

row  to CJ auzorption, it is clear that surface reduction took

at room temperature when CO was exposed to an

formst.on of bicarosonate

is indicated by tie

w25 foanc for coordinated CO) indicating thrat, if

< a2i r33dl; Sonverted to cardbonates. The loss of CO giving the

=7 zasd arpiles that the product carbonate species are neld ac sites

2avrption 2f CO.

1

Sravious rewors of a CO band at 2115 com ' on anatase. we

zize -...Z % 2lzarpiion on an oxidized surface and trat it is active for

e 22 tne surface. To sJpport this idea we note trat the
e ii.t . L L% et species parallels tnat of the cardorate during
¢ oLt 2ot .t ts ogrcentration is independgnt of U3 pressere and s

w.siziz reactive intermediate.

5. CONCLUSLXS

From the results presented in this paper

wi  draw T ILlloe.io
conclusions:

1. Two kinds of c¢hemisorbed OH and two kinds ot clemloris? fys 2t

found on anatase. Tne OH species at 3676 cra—1 is a$signed €2 ne (i f

S ont s

while that species at assigned o the [lue madoi: L lao,
planes. The two types of adsorbed water showed paired IR
(3694, 3495 v ') and (3269, 3465 cn '), These pairs are e

{130) and (010) plares respectively.

, . -
2. Four-coor<inaie TiT ions at we surface ¢ ara

the sites for adsorption of both O ani Hy0 while tiveosoriinate sonsare
suggested as sites for OH adsorption cnly.

3. Kater s more Sirongly neld on oXiilowl D Tarol witi Tl

titania. Tne results suggest that water adsorprion 1S ewa™wsl f; e

presence of four-coordinate Ti ions and of surface oxyjen .ons.

4. Adsorpticn of U, on oxidized anitase produtes 2 Ceorlitil.: JL

spaecies wnich converts slowly to surface bicarzorate wntil ejs.l.u

reacned which, under our conditions, 1S5 a State ir.oolvirg sl

concentrations of poth species,

5. The surface bicarbonate species thernall, &

water molecules accompanied by the loss of surface (M, Tre ~iter & l=v.l

formed

in this process occupy Sites formed during the reitt:ion a2 fetirl
the subsequent readsorpiion of CO,_, into the coordirated state.

6. Lattice oxygen is involvad in a room temperature fuduliiin reali..n
with CO to form a bicarbonate species. During this reaction, two xinds 3o

adsorbed CO are observed: the 2185 am > and 2115 an™! pands are assigned o

e ety i St A B o e Ot
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25 Cvledwiiou CU and to the intermediate lead.ng to the bicarbenate,

crdirary

LespeSTively.
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Torr 0, (e} 25°C evacuaticn aftec (&), (£} 5 aim an i Toee 20
ISURE SAPTINS s and {g) evacuation at 25 C after (f).

Initare! spedira of o region after various treatments of titania '

suostrate: (&) o«.dation at Auuoc, (b)Y evacuation at 400% after
la), 1.0, &uo-ND-4UC,  (c)  EDJ-NO-600, (d) 800-NO-800 and (e) ¢

ALu-40-400. See text for notation. All evacuation periods were

i3.re I. lnfraged spectra after exposure of titania to water vapor at room
ToT aelatare. For a 400-NO-400 sample: (a) 1 Torr Hzo, (b) 2.6

ic) evacs=tion 2iter (). For a BGO-NO-800 sample: (d}

arad {e) evacsanicn after (dj.

Flsore 3. F: Infrared spectra afzer exposure of a 400-NO-430 sample to
a3t2r vapor and evaluition at: (a) 25, (b) 100, (¢) 200, (d) 300
el Ao, Sedtrds (I) is after readsorption of watet vapor

=0~
.l eitiuation at 25°C.

avs 25 A except for a 400-400-400 sample: {g) 25, (h) 100 and

stre efter: (a, i0 min exposure of 20 Torr of 9,
=5 a sz zle pradesed in water and (b) 40 min exposure of 2C Torr
li. to 3 satple prencsel with 02. In both cases, the starting '
~aterial  was a 4u2-1.0-400 sample. Both samples were evacuated at
2.8 fudlowiny HG and S adorption and the corresponding IR

c.siira were sdotracted.

13.ce 5. laiica rifcxide alsorprion on s 450-N0-400 {oxidized) sample (A}

20l o 3 AuL=4.0-450 {reduced) cample {B). Spectra were recorded

er: {a' 10 nmin anc 22 Torr CO, (D) 140 min and 22 Torr CO, (c)

.0 ain after (b) with 10 Torr €O, (d) 10 min after (c) with 1

e r— - ——
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